The low-molecular-weight, heat-stable type of Escherichia coli enterotoxin (ST) was obtained from sterile syncase broth filtrates of human and animal enteropathogenic E. coli strains. ST was assayed in infant mice, and it was found that this assay was specific for ST in that the high-molecular-weight, heat-labile type of E. coli exterotoxin would not cause fluid accumulation in these animals. ST was first detected in the broth of a culture of human strain 334A(015: Hil) 5 h after inoculation, immediately after the log phase of growth; the highest concentration of ST occurred at 24 h after inoculation. ST was purified 13-fold by ultrafiltration and gel filtration chromatography. The purest preparation contained 15% protein and 2% carbohydrate. The mean effective dose or 1 unit dose in infant mice was 5.0 gg/mouse. The ST molecular weight was between 1,000 and 10,000, and its activity was resistant to acid, trypsin, and Pronase.
Escherichia coli enterotoxin has been described as the causative agent of diarrhea associated with E. coli in neonatal calves, pigs, and humans. Two types of E. coli enterotoxin are recognized: a heat-stable, low-molecular-weight type (ST) and a heat-labile, high-molecularweight type (LT) (8) . The clinical significance of ST and LT is not known. Whether diarrhea is caused by the in vivo production by an enterotoxigenic E. coli strain of ST, LT, or both has not been determined (19) . It is also not known whether or not these two apparently dissimilar enterotoxins are two different forms of the same enterotoxin.
We recently reported on LT isolated from strain P307, a porcine enteropathogen (10) . The LT could not be separated from the endotoxin; in fact, our data indicated that the two components were closely associated and that the enterotoxic activity resided in material of a protein nature. Although P307 has been reported to produce both LT and ST (9, 18), we could not isolate ST from this strain. We have isolated ST from strain 334A, a human enteropathogen, and this report presents our findings on ST.
MATERIALS AND METHODS
Organisms. The E. coli strains used in this study have all been described. Strain 334A (015: Hll) is a human enteropathogen which produces LT and ST (5, 16) . Strain P307 is a porcine enteropathogen which produces LT and ST (9, 17) , whereas 340 is a porcine enteropathogen which produces only ST (11) . Strain F11(P155) is an Fll strain (018:K?:H14) which received the enterotoxin plasmid from the porcine enteropathogenic strain P155 and produces ST and LT (12) . Strain M432 (0139:K82:H1) does not produce enterotoxin and is non-enteropathogenic (9) .
Enterotoxin production. A volume of 237 ml of syncase broth (6) with glucose substituted for sucrose in a 1-liter flask was inoculated with 12.5 ml of a 15-h syncase broth culture of a particular strain. The flask was incubated in a slanted position at 37 C for 24 h in a gyratory water bath shaker (model G77, New Brunswick Scientific Co., Inc., New Brunswick, N.J.) at 200 rpm. Starting at zero time, a 5-ml sample was taken every hour for 9 h and then at 12, 16, and 24 h. The pH of the sample was determined, and 1 ml was used for a plate count. The remaining portion was centrifuged, and the supernate was saved. After filter sterilization, the sterile broth (SB) filtrate was quantitatively tested for enterotoxic activity in infant mice and qualitatively tested for endotoxic activity via the Schwartzman reaction (15) SB filtrates were routinely prepared from 18-h syncase broth cultures grown as described above. On one occasion, a 9.5-liter batch of 334A was prepared in a fermentor as previously described (10) . The SB filtrates were lyophilized and tested in infant mice at 12.5 to 1,600 ,g/mouse.
UF. A volume of 850 ml of SB filtrate was concentrated from 850 to 100 ml by ultrafiltration (UF) by using a model 2000 cell (Amicon Corp., Lexington, Mass.) fitted with a UM-2 membrane. The 100-ml BIOCHEMICAL PROPERTIES OF ST and then lyophilized. The fermentor-produced 334A SB filtrate was concentrated from 8,000 to 300 ml by using the same cell fitted with a PM-10 membrane. This retentate was washed five times with distilled water and lyophilized. The UM-2 and PM-10 retentates were tested in infant mice at 1.56 to 50 ug/ mouse.
Gel filtration chromatography. A 400-mg amount of UM-2 retentate was placed on a column (90 by 5.0 cm) of Sephadex G-200 equilibrated with 0.05 M phosphate buffer (pH 7.0). The material was eluted from the gel at a flow rate of 45 ml/h. The eluate was collected in 15-ml fractions and monitored at 280 nm on a spectrophotometer (model DB, Beckman Instruments, Inc., Fullerton, Calif.) Fractions comprising the first peak were pooled and concentrated to 10 ml via UF by using a model 202 cell fitted with a PM-10 membrane. The 10-ml retentate was washed five times with distilled water, filter sterilized, and lyophilized. The fractions comprising the second peak were pooled and concentrated to 100 ml in the model 2000 cell fitted with a UM-2 membrane. The 100-ml retentate was washed five times with distilled water and was then transferred to the model 202 cell fitted with a UM-05 membrane. In this cell it was concentrated to 20 (14) .
The strain 334A Sephadex G-200 second peak material in an amount of 7.5 mg was dissolved in 3.5 ml of 0.01 M phosphate buffer (pH 7.0), and 100 Ag of trypsin (twice-crystallized salt-free, Nutritional Biochemical Corp., Cleveland, Ohio) dissolved in 0.2 ml of 0.001 M HCI was added. The ratio of substrate to enzyme on a protein basis was 10: 1. The mixture (pH 7.0) was incubated at 25 C for 3 h. Substrate without enzyme and enzyme without substrate also were incubated under the same conditions. After incubation each mixture was diluted to contain 10 Mg (2 units) of enterotoxic material/0.05 ml and tested in infant mice at 0.05 ml/mouse. Tryptic activity was confirmed with p-toluene-sulfonyl -L-arginine methyl ester (Calbiochem; 7).
Chemical analyses. Carbohydrate was estimated by the phenol-sulfuric acid technique (4) by using dextran with an average molecular weight of 200,000 to 300,000 (J. T. Baker Chemical Co., Phillipsburg, N.J.) and glucose as standards. Protein was estimated by the method of Lowry et al. (13), with bovine serum albumin as the standard.
Assays for enterotoxic activity. The infant mouse assay was performed by the procedures described by Dean et al. (3), with slight variations. White mice (Taconic Farms, Germantown, N.Y.) TAC:(SW) were used. One to 3 days after birth, infant mice were separated from their mothers shortly before use and divided randomly into groups of four. Each mouse was inoculated orally with 0.05 ml of test material with a blunt 23-gauge hypodermic needle. All test material contained 1 drop of 2% Evan's blue dye/ml. After inoculation the mice were kept at 28 C for 4 h and then killed with chloroform. The abdomen of each mouse was opened, and the entire intestine was examined for distention and then removed with forceps. The intestines from each group of four mice were weighed together, and the ratio of gut weight to remaining body weight was calculated. Results from mice with no dye in the intestinal tract at autopsy were discarded.
The rabbit ileal loop assay was performed as previously described (10) . The Sephadex G-200 first peak materials of strains 334A and FI1(P155) were assayed.
RESULTS
The fractionation of the strain 334A UM-2 retentate on Sephadex G-200 is shown in Fig. 1 . The first peak appeared in the void volume of the column, and the second peak was in the total bed volume of the column. The dose response curves for the enterotoxic preparations from strain 334A are shown in Fig. 2 . Uninoculated infant mice and mice inoculated with saline produced similar gut weight to body weight ratios, which ranged from 0.045 to 0.060 with a mean ratio of 0.052. Ratios of 0.049 to 0.067 with a mean ratio of 0.056 were obtained with sterile syncase broth and SB filtrate and UM-2 retentate from non-enterotoxigenic strain M432. A ratio of 0.150 was considered a maxi-was confirmed with two other enterotoxigenic E. coli strains. The Sephadex G-200 first peak materials of strains 334A, F11(P155), and P307 (10) caused fluid accumulation in rabbit ileal loops but not in infant mice even when they were allowed to react for 8 h in the mice. This suggests that the infant mouse assay was specific for ST. Figure 3 shows a growth curve and relates the production of exterotoxin to time, pH of the media, and the appearance of endotoxin. Enter-1500 2000 2500 otoxin was detected immediately after the log EFFLUENT VOLUME (ml) phase of growth and 2 h after endotoxin was detected. The appearance of the enterotoxin paralleled the rise in pH of the media. Table 2 gives the compositions and activities of the enterotoxic materials isolated from strain 334A. The ST activity was entirely retained by a UM-2 membrane. By using UF and gel filtration chromatography, a 13-fold purification of ST was achieved. This Sephadex G-200 second peak material was exhaustively desalted and still the protein and carbohydrate accounted for only 17% of its composition. When this second peak material was dissolved in distilled water, the pH was 8.2. It was slightly more active at pH 9 (0.138 + 0.009; mean ratio ± standard deviation for four trials) than at pH 8 (0.126 i 0.017) or pH 7 (0.124 + 0.011), but these differences are not statistically significant (P > 0.05). Table 3 shows that only 9% of the ST activity was retained by a PM-10 membrane. This, combined with the complete retention by the UM-2 membrane, suggested that the ST molecular weight (MW) was between 1,000 and 10,000. Figure 4 is a heat-inactivation curve for the strain 334A Sephadex G-200 second peak material. The activity was completely lost at 100 C. The activity of this material was not affected by acid but was destroyed at pH 11 (Table 4 ). The activity was resistant to both Pronase and trypsin (Table 5) .
DISCUSSION
Recent evidence has suggested that E. coli enterotoxin is closely associated with endotoxin (10) . If the enterotoxin can be separated from the endotoxin, it would be advantageous to obtain culture filtrates when the ratio of enterotoxin to endotoxin was the highest or, if possible, when enterotoxin but not endotoxin was present. Unfortunately, this study showed that endotoxin was detected 2 h before enterotoxin. Also, although no effort was made to quantitate endotoxin, the severity of the Schwartzman reactions increased with time. This indicated that, as enterotoxin was increasing, so was endotoxin. Endotoxin would be expected to increase with time due to cell death and subsequent autolysis. The early detection of endotoxin (3 h after inoculation) could be due to "free endotoxin" (2) , which is material indistinguishable biologically from endotoxin and is released into the culture supernatant because of excess production of cellular material during the vigorous growth of a wide variety of gram-negative organisms. The time of appearance of the enterotoxin suggested that it was a secondary metabolite. These substances (antibiotics are a good example) are first produced after the cells have stopped actively dividing, with production continuing during the stationary phase for a certain length of time.
This study showed that a 12-h growth period was the shortest period that produced high enterotoxin content. In comparing this study to others, Sack et al. (17) , using the same E. coli strain and syncase medium, found maximum enterotoxin in the sterile broth filtrate at 18 h after inoculation and that at 12 h only 13% of the maximum activity was present, whereas no activity was detected at 6 h. In contrast, S. Lariviere (Ph.D. thesis, Univ. of Guelph, Ontario, Canada, 1971) detected enterotoxin at 2.5 h after inoculation and showed an increase in enterotoxin up to 6 h, which was his last reading. He used a peptone dialysate medium and maintained the pH at 7.5 with NaOH. Lariviere also found that the appearance of enterotoxin was accompanied by a marked increase of non-dialyzable carbohydrate. He stated that this accumulation of carbohydrate could be accounted for by endotoxin, capsular polysaccharide, or by the enterotoxin itself.
The infant mouse was found to be specific for ST in that LT would not react in the mice. This may or may not be due to the short reaction time (4 h) used for this assay. ST has been found to cause a faster onset of fluid accumulation than LT. Maximum reactions with ST occurred at 4 to 6 h after inoculation, whereas maximum reactions with LT occurred no less than 10 h after inoculation (5). Thus, ST would be favored in the infant mice. However, LT was allowed to react for up to 8 h in the infant mice, and no fluid accumulation was observed. According to results in rabbit ileal loops obtained in our laboratory and by others (5), LT does react within an 8-h time period. Therefore, if the infant mice were susceptible to LT, fluid accumulation should have been observed. This suggests that some factor other than the reaction time may be involved.
The variable response of the infant mice to the enterotoxic preparations from the four enteropathogenic E. coli strains tested (Table 1) is probably due to variations in the proportion of ST to LT produced by each strain. The stated rule is that enterotoxigenic strains produce either ST alone or LT plus ST (8) . Strains producing LT only have not been reported except for the results with P307 in our laboratory (10) . We cannot detect ST in enterotoxigenic preparations of this strain, although others have (9, 18) . Evans et al. (5) reported that a higher portion of the enterotoxic activity from strain 334A was ST than that from another enterotoxigenic E. coli strain, which produced both LT and ST. This variability in the relative production of ST and LT by an E. coli strain capable of producing both LT and ST could be a definite genetic trait or could be due to the conditions employed for the production of enterotoxin. This strain variability and assay specificity make it important that investigators working in this area match the right strain with the right assay.
The behavior to heat and the low molecular weight of our purest strain 334A preparation, the Sephadex G-200 second peak material, showed that this material was the heat-stable form of E. coli enterotoxin. The The acid stability of the ST contrasts with the acid lability of LT. The enterotoxic activity of LT was markedly reduced or entirely destroyed at pH 5 for 4 h (5, 10). The resistance of ST to the proteolytic activity of Pronase also contrasts with the behavior of LT to this enzyme. LT was entirely destroyed by Pronase (10) . Both ST and LT were resistant to trypsin (9, 10) . The behavior of LT to various chemical, phsyical, and enzymatic treatments suggested that the activity resided in material of a protein nature (10) . The behavior of ST did not suggest this. However, the ST behavior may have been due to the low-molecular-weight nature of this material.
